Abstract. MicroRNAs (miRNAs) are small, non-coding RNA molecules that regulate protein expression by cleaving or repressing the translation of target mRNAs. miR-125b, one of the neuronal miRNAs, was recently found to be necessary for stem cell fission and for making stem cells insensitive to chemotherapy signals. Temozolomide (TMZ) is a promising chemotherapeutic agent for treating glioblastomas. However, resistance develops quickly and with a high frequency. Given the insensitivity of some glioblastomas to TMZ and the hypothesis that glioma stem cells cause resistance to drug therapy, exploring the functions and mechanisms of miR-125b action on TMZ-treated glioblastoma stem cells would be valuable. In this study, we found that miR-125b-2 is overexpressed in glioblastoma multiforme tissues and the corresponding stem cells (GBMSC); downregulation of miR-125b-2 expression in GBMSC could allow TMZ to induce GBMSC apoptosis. Additionally, the expression of the anti-apoptotic protein Bcl-2 was decreased after the TMZ+miR-125b-2 inhibitor treatment, while the expression of the proapoptotic protein Bax was increased. Further research demonstrated that the induction of apoptosis in GBMSC is also associated with increased cytochrome c release from mitochondria, induction of Apaf-1, activation of caspase-3 and poly-ADP-ribose polymerase (PARP). Taken together, these results suggest that miR-125b-2 overexpression might confer glioblastoma stem cells resistance to TMZ.
Introduction
Malignant gliomas, the most common primary malignant tumors of the brain, are aggressive, highly invasive, and neurologically destructive. Despite the combination of surgery, chemotherapy, and radiotherapy, the median survival duration of patients with glioblastoma multiforme (GBM), the most aggressive type of malignant glioma, is only 9-12 months (1). Currently, firstline therapy for all GBM patients post-surgery consists of the combination of temozolomide (TMZ) and regional fractionated radiation, followed by TMZ alone (2) .
TMZ, a 3-methyl derivative of mitozolomide, is an alkylating chemotherapeutic drug that readily crosses the blood-brain barrier in glioblastoma patients. It has demonstrated anti-tumor activity and a relatively low toxicity in phase II and III clinical trials in patients with malignant glioblastomas. It can efficiently inhibit the proliferation of glioma cells and induce apoptosis. However, the action of TMZ on glioblastoma cells remains largely undefined, and glioblastomas are relatively resistant to the cytotoxic effects of TMZ (3) . Recent findings support the existence of a stem cell-derived origin of gliomas (4) . Gliomaderived stem cells (GSCs) have been isolated from both human brain tumors and several glioma cell lines. GSCs are crucial for glioma malignancy and may be the consequence of a transformation of the normal neural stem cell compartment (5) . These findings are compatible with the observation that gliomagenesis is frequently associated with the presence of adult brain stem cells, suggesting that there is a cellular and genetic mechanism that controls adult neurogenesis that might contribute to brain tumorigenesis and thereby allow the identification of new therapeutic strategies. However, until now there have been no valid results on TMZ and stem cells. In considering glioblastoma cell TMZ resistance, we believe that seeking a break from GSCs may become a new direction for the TMZ treatment resistance of glioblastoma cells.
MicroRNA-125b-2 confers human glioblastoma stem cells resistance to temozolomide through the mitochondrial pathway of apoptosis
MicroRNAs (miRNAs) are small non-coding RNAs whose function as modulators of gene expression is crucial for the proper control of cell growth. According to recent reports, stem cell division is regulated by the miRNA pathway (6) . miR-125b, one of the neuronal miRNAs, has been found necessary for stem cell fission to bypass the normal G1/S checkpoint and make stem cells insensitive to the chemotherapy signals that would normally stop the cell cycle at the G1/S transition (7) . Global microRNA expression analysis in human malignant glioma cells by Winkler et al revealed two novel examples of miRNA-mediated therapy resistance, which might provide new targets for the treatment of this tumor (8) . One of these examples involved miR-125b-2. In this study, we found that miR-125b-2 was overexpressed in glioblastoma tissues, in tissues from postoperative recurrence of glioblastoma multiforme after TMZ treatment (PRGMTTT) and in stem cells compared to normal brain tissue (P<0.05). Thus, we infer that miR-125b-2 somehow favors tumor growth by impeding apoptosis and confers TMZ resistance on glioblastoma stem cells.
To prove this hypothesis, we used peptide nucleic acid (PNA)-mediated miRNA inhibition to inhibit miR-125b-2 expression in glioblastoma stem cells and observed its effect on the sensitivity of glioblastoma stem cells to TMZ. Peptideconjugated PNAs are the most effective at achieving miRNA inhibition. PNAs are artificial oligonucleotides constructed on a peptide-like backbone. PNAs have a stronger affinity for and greater specificity to DNA or RNA than do natural nucleic acids, and they are resistant to nucleases, which is an essential characteristic for a miRNA inhibitor that will be exposed to serum and cellular nucleases. To increase cell penetration, PNAs were conjugated with cell penetrating peptides (CPPs) at the N-terminal. Additionally, Tat-modified-conjugated PNA showed the most effective cell penetration in the absence of transfection reagents and most effectively inhibited miRNAs (9) . Here, we used PNAs™ miRNA inhibitor produced by Panagene (Daejeon, Korea).
We found that the PNA miR-125b-2 inhibitor effectively inhibited miR-125b-2 expression in glioblastoma stem cells in the absence of a transfection reagent; additionally, compared to control cells, neither TMZ nor miR-125b-2 downregulation alone caused apoptosis in glioblastoma stem cells. However, when the expression of miR-125b-2 was downregulated by the PNA miR-125b-2 inhibitor in glioblastoma stem cells before TMZ treatment, TMZ could then induce significant apoptosis. Next, we sought to investigate the mechanism of miR-125b-2 downregulation on TMZ-induced glioblastoma stem cell apoptosis. Pro-apoptotic Bax and anti-apoptotic Bcl-2 proteins are known to regulate the apoptosis of glioma cells (10) . Bcl-2, which resists induction of apoptosis, constitutes one major obstacle to radiotherapy and chemotherapy in many cancer cells (11) . Bax plays a major role in the apoptotic response of glioblastoma multiforme cells, the high expression of which is shown to correlate with an increased survival of GBM patients (12) . Also, a low Bax:Bcl-2 ratio is usually observed in glioblastoma multiforme patients (13) .
Therefore, we investigated the levels of these apoptosis regulatory proteins following treatment of glioblastoma stem cells with the PNA miR-125b-2 inhibitor and TMZ, alone or combination. We found that pretreating glioblastoma stem cells with the PNA miR-125b-2 inhibitor decreased the level of Bcl-2 protein and increased the level of Bax protein, compared to treatment with TMZ alone. A shift in the ratio of Bax/Bcl-2 could stimulate the release of cytochrome c from mitochondria into cytosol. In the cytosol, cytochrome c associates with Apaf-1. In the presence of dATP/ATP, Apaf-1 then binds to and activates caspase-9. Activation of initiator caspases-8 or -9 causes proteolytic activation of a common set of downstream proteases, including caspase-3 and -7, which results in cell death induction. However, the apoptosisinitiating pathways that are induced by a combination of the PNA miR-125b-2 inhibitor and TMZ therapy in GBMSC are poorly understood.
Caspases are cysteine proteinases that have been shown to be specifically involved in the initiation and execution phases of apoptosis. The caspases, especially caspase-3, are known to act downstream of Bax/Bcl-2 and play a key role in the execution of apoptosis (14) . Previous research by us showed that TMZ could increase the activity of caspase-3 (15) . Herein, we demonstrated that pretreatment with the PNA miR-125b-2 inhibitor increases TMZ-induced release of cytochrome c and the activation of caspase-3.
Taken together, this study demonstrates that the overexpression of miR-125b-2 in glioblastoma stem cells does not function as an anti-apoptosis factor, but instead protects cells from TMZ-induced apoptosis. In addition, we provide evidence that the PNA miR-125b-2 inhibitor regulates TMZ-induced apoptosis, in part by increasing the release of cytochrome c from mitochondria in a caspase-independent manner.
Materials and methods
Primary glioblastoma cell cultures and treatments. Human glioblastoma tissues and PRGMTTT samples were obtained from the first affiliated hospital of Nanjing Medical University and Suzhou Kowloon Hospital affiliated with Shanghai Jiao Tong University School of Medicine after informed consent was obtained from adult patients diagnosed with WHO-Iv glioma. Primary glioblastoma cell cultures were obtained after mechanical dissociation, according to the technique described by Darling (16) . The cells were subcultured in 2% FCS for 1 week before in vitro analyses to prevent the growth of contaminating rodent fibroblasts, after which the cells were cultured in 10% FCS and antibiotics. Glial origin was confirmed by morphology and by staining with anti-GFAP MoAb clone 6F2 (Dako, Glostrup, Denmark). All of the experiments on these cells were done before passage 5. Normal human brain tissues were obtained after informed consent from the patients with severe traumatic brain injury (TBI) who needed post-trauma surgery. The grey matter was dissected after being removed and dispersed repeatedly after washing in phosphate buffered sodium (PBS). Then primary astrocytes were also cultured according to the technique described by Darling (16) . Primary glioblastoma cells with high levels of mature miR-125b-2 were identified by TaqManbased real-time quantification RT-PCR.
Experiments were divided into five groups: control group, PNA miRNAnc group, PNA miR-125b-2 inhibitor group, TMZ group, and PNA miR-125b-2 inhibitor+TMZ group. Cells were treated with the PNA miR-125b-2 inhibitor complexed to 600 µM TMZ for 72 h at 37˚C with 5% CO 2 .
Magnetic cell separation of CD133-positive cells. Cells were dissociated and resuspended in PBS containing 0.5% bovine serum albumin and 2 mmol/l EDTA. For magnetic labeling, CD133/1 Micro Beads were used (Miltenyi Biotech). Positive magnetic cell separation (MACS) was done using several MACS columns in series. Cells were stained with CD133/2-PE (Miltenyi Biotech) and analyzed on a BD FACSCalibur.
Oligonucleotide transfection. The PNA miR-125b-2 inhibitor and the negative control were chemically synthesized by Panagene. One day before transfection, 1.5x10 5 cells were seeded per well in 1.5 ml of the appropriate complete growth medium without antibiotics. Cells were incubated in stem cellpermissive DMEMF12 medium supplemented with 20 ng/ml of each human recombinant epidermal growth factor, human recombinant basic fibroblast growth factor (both from R&D Systems), and human leukemia inhibitory factor (Chemicon), and 2% B27 (Life Technologies). Then, CD133-positive primary glioma cells were co-cultured with the PNA miRNA inhibitors at a final PNA miRNA inhibitor concentration of 2 µM according to the manufacturer's instructions and, at the time, the cells were 70-90% confluent. The transfected CD133-positive glioma cells with decreased levels of mature miR-125b-2 were identified by TaqMan-based real-time quantification RT-PCR.
Real-time quantification of miRNAs by stem-loop RT-PCR.
For the TaqMan-based real-time reverse transcription-polymerase chain reaction (RT-PCR) assays, the ABI 7300 HT Sequence Detection system (Applied Biosystems, Foster City, CA) was used. RNA was extracted from primary glioma cells using miRNA Isolation kit (Invitrogen, Carlsbad, USA) according to the manufacturer's instructions. All the primers and probes of the miR-125b-2 and RNU6B endogenous controls for the TaqMan miRNA assays were purchased from Applied Biosystems. Real-time PCR was performed as described in Chen et al (17) . Relative gene expression was calculated via a 2 -∆∆Ct method (18) .
Cell viability assay. The effect of PNA miR-125b-2 inhibitor and TMZ on the cellular proliferation and viability of human glioblastoma multiforme stem cells was determined by the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide (MTT) assay according to the manufacturer's instructions. Briefly, 1x10 4 cells were plated in 96-well culture plates and treated with the PNA miR-125b-2 inhibitor and/or TMZ for 1, 2, 4 and 6 days. The cell proliferation assay was performed as described (19) . The absorbance was measured at 540 nm using an enzyme-linked immunosorbent assay plate reader. All data points represent the means of a minimum of 6-wells. The viability of untreated cells was assumed to be 100%.
Hoechst 33258 staining for morphological analysis of apoptosis. CD133-positive primary glioblastoma cells were seeded on sterile cover glasses placed in the 6-well plates; the cells were incubated with the PNA miR-125b-2 inhibitor and/or TMZ for 6 days. After each treatment, the cells were washed with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde for 10 min before incubation with 50 µM Hoechst 33258 staining solution for 10 min. Apoptotic morphological changes in the nuclear chromatin of cells were detected, and then counted under a light microscope. The percentage of apoptotic cells was calculated from three separate experiments.
Quantitative analysis of apoptotic cells by flow cytometry.
CD133-positive primary glioblastoma cells were plated in 12-well plates and treated with the PNA miR-125b-2 inhibitor and/or TMZ for 6 days. The apoptosis ratio was analyzed using an Annexin v FITC Apoptosis Detection Kit (BD Biosciences, San Diego, CA) according to the manufacturer's instructions. Briefly, cells were harvested after the treatment, washed with cold PBS, and subjected to Annexin V/FITC and propidium iodide staining in binding buffer at room temperature for 15 min in the dark. Apoptotic cells, stained with Annexin V/FITC and propidium iodide, were analyzed by fluorescence activated cell sorting (FACSCalibur, BD Biosciences, San Jose, CA) using CellQuest 3.3 software. Annexin v/FITC and propidium iodide double stain was used to evaluate the percentages of apoptosis. Western blot analysis. To determine the levels of protein expression, soluble proteins were isolated by lysis buffer (137 mM NaCl, 15 mM EGTA, 0.1 mM sodium orthovanadate, 15 mM MgCl 2 , 0.1% Triton x-100, 25 mM MOPS, 100 µM phenylmethylsulfonyl fluoride and 20 µM leupeptin, adjusted to pH 7.2). One-dimensional sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was performed with a corresponding gel concentration using the discontinuous buffer system of Laemmli (Bio-Rad Laboratories, Richmond, CA). The electrophoresed proteins were transferred to a polyvinylidene difluoride membrane and subjected to immunoblot analysis with antibodies to Bax, Bcl-2, cytochrome c, Apaf-1 and PARP (used at a 1/200 dilution, Santa Cruz Biotechnology). The reaction was detected with enhanced chemiluminescence (Amersham Life Science, Arlington Heights, IL). The membranes were reblotted with a β-actin antibody (1/2000, Santa Cruz Biotechnology) after washing to check for equal loading of the gel.
Caspase-3 activity assay. The activity of caspase-3 was determined using the Caspase-3 activity kit (Beyotime Institute of Biotechnology, Haimen, China). To evaluate the activity of caspase-3, cells were homogenized in 100 ml reaction buffer (1% NP-40, 20 mM Tris-HCl (pH 7.5), 137 mM Nad and 10% glycerol) containing 10 ml caspase-3 substrate (Ac-DEvD-pNA) (2 mM) after all treatments. Lysates were incubated at 37˚C for 2 h. Samples were measured with an ELISA reader at an absorbance of 405 nm.
Statistical analysis. All tests were done using SPSS Graduate Pack 11.0 statistical software (SPSS, Chicago, IL). Descriptive statistics including mean and SE along with one-way ANOvAs were used to determine significant differences. P<0.05 was considered significant.
Results

Evaluation of miR-125b-2 expression in human glioblastoma multiforme and normal brain tissues.
In our previous research, we showed that miR-125b had a markedly low expression in human glioblastoma U251 cells, especially in CD133-positive U251 cells (20) . However, in this study, we detected the miR125b-2 expression levels in human glioblastoma multiforme tissues (WHO-Iv glioma tissues) and found that miR-125b-2 was overexpressed in most glioblastoma multiforme tissues and in all postoperative recurrences of glioblastoma multiforme tissues after TMZ treatment (PRGMTTT) compared to normal brain tissue (P<0.05) (Fig. 1A) . Considering the actual function of miR-125b-2 in human glioblastoma multiforme tissue may be different from its function in U251 cells, and because we are studying its function in a clinical setting, we cultured primary human glioblastoma cells from adult patients who were diagnosed with WHO-Iv glioma with miR-125b-2 overexpression (Fig. 1B) and separated the CD133-positive cells by magnetic cell separation. We found that miR-125b-2 was more strongly expressed in CD133-positive glioblastoma cells than in CD133-negative glioblastoma cells (P<0.01) (Fig. 1C) . We presume that the markedly elevated miR-125b-2 in CD133-positive cells might be a critical factor that contributed to the malignant appearance in human glioblastoma.
Evaluation of viability and apoptotic death morphologically in glioblastoma multiforme stem cells. Previous research has
shown that all CD133-positive glioblastoma cells tested are resistant to temozolomide-induced cell death at the maximum concentrations reached in the spinal fluid and in the plasma (21) . In this study, CD133-positive glioblastoma cells were treated for 2, 4 and 6 days with increasing doses of TMZ. As shown in Fig. 2A, 6 days of culture in the presence of <600 µM TMZ did not lead to any reduction in the number of CD133-positive glioblastoma cells (glioblastoma multiforme stem cells, GBMSC). Cultured at higher concentrations, treatment with 600 µM TMZ for 6 days induced significant proliferation inhibition. The PNA™ miRNA inhibitor was reported to effectively knockdown miRNA expression (22) . The regulation of miR-125b-2 by the inhibitor was verified by TaqMan-based real-time RT-PCR, as shown in Fig. 2B . We have previously shown that miR-125b can inhibit the proliferation of CD133-positive U251 cells (20) . In this study, we also aimed to explore whether downregulating miR-125b-2 could affect the proliferation of CD133-positive glioblastoma cells derived from clinic tissues. Next, the lowest level of miR-125b-2 expression was achieved by treatment with the miR-125b-2 inhibitor in CD133-positive glioblastoma cells (Fig. 2B) . Interestingly, we found that the PNA miR-125b-2 inhibitor alone also decreased the cell viability of CD133-positive glioblastoma cells (Fig. 2C ). As shown in Fig. 2C , treatment of CD133-positive glioblastoma cells with the PNA miR-125b-2 inhibitor for 2 days did not result in a significant reduction in cell viability, whereas treatment with the PNA miR-125b-2 inhibitor for 4 and 6 days resulted in a statistically different reduction in cell viability (P<0.01). As a result, it seemed that both the 600 µM TMZ and the PNA miR-125b-2 inhibitor could inhibit the viability of CD133-positive glioblastoma cells.
Meanwhile, a preliminary screen was conducted to assess the combined effect of the PNA miR-125b-2 inhibitor and TMZ on the cellular viability of CD133-positive glioblastoma cells at different time-points. In CD133-positive glioblastoma cells, the combination treatment with 600 µM TMZ and the PNA miR-125b-2 inhibitor reduced cell viability to 23.9% (Fig. 2C) . Analysis with SPSS software demonstrated statistically significant differences between any of the single treatments and the combination treatment, as indicated on Fig. 2C (P<0.01) .
At present, there are many reports that treatment with TMZ alone does not induce any apoptosis but induces autophagy in glioblastoma cells (23) . To determine whether the decrease in cell viability after TMZ and PNA miR-125b-2 inhibitor treatment is the result of apoptosis in CD133-positive glioblastoma cells, Hoechst 33258 fluorescence staining was done according to the manufacturer's instructions to detect the apoptotic cells. Morphological features of apoptosis were observed in the TMZ+PNA miR-125b-2 inhibitor treated cells and were counted to determine the amount of apoptotic cell death based on characteristic morphological features. All treatment groups were examined under fluorescence microscopy and cells were counted to determine the percentage of apoptotic cells. There was no significant apoptosis found in cells that received TMZ or the PNA miR-125b-2 inhibitor treatment alone (Fig. 2D) . Morphological observation showed that after a pretreatment with the PNA miR-125b-2 inhibitor, TMZ could significantly induce apoptosis in CD133-positive glioblastoma cells compared to the control cells (P<0.05) (Fig. 2E) .
Explicit evaluation of the apoptosis rate by FACS analysis.
Fluorophore-labeled Annexin v (a protein that exhibits nanomolar affinity for phosphatidylserine) binding to externalized phosphatidylserine has been extensively employed as a reliable marker of apoptosis (24) . FACS analysis was performed to detect apoptotic cells following the combined use of the PNA miR-125b-2 inhibitor and/or TMZ in human primary CD133-positive glioblastoma cells (GBMSC) (Fig. 3) . Untreated cells served as a negative control. Percentages of apoptotic cells are shown in the histogram. Previous research has shown that down-regulation of miR-125b decreases human glioma cell proliferation and enhances the sensitivity of human glioma cells to ATRA-induced apoptosis (21-26). Das et al recently showed that TMZ could induce U87MG cell apoptosis (26) . However, as shown in Fig. 3 , neither the PNA miR-125b-2 inhibitor nor TMZ alone induced any significant apoptosis in GBMSC, compared to the control cells (P>0.05). Compared to the single PNA miR-125b-2 inhibitor or TMZ treatment in GBMSC, the combination of the PNA miR-125b-2 inhibitor and TMZ therapy caused a significantly higher level (~50%) of apoptotic death (P<0.01), suggesting that induction of apoptosis developed in the cells co-treated with the PNA miR-125b-2 inhibitor and TMZ.
Combination of the PNA miR-125b-2 inhibitor and TMZ therapy induced GBMSC apoptosis via an increase in Bax:
Bcl-2 ratio. Previous studies have shown that expression disorders of the Bcl-2 family of proteins in human glioblastoma and cell lines enhance cell survival by inhibiting apoptosis (27) . The Bcl-2 family, including Bcl-2, Bcl-X L , Bax, and Bad, regulates various steps in apoptosis. Bcl-2 and Bcl-x L block cell death, whereas Bax and Bad promote programmed cell death (28) . Preclinical studies have shown that the ectopic expression of Bcl-2 confers resistance on several chemotherapeutic agents, including TMZ (26) . The increase in the Bax:Bcl-2 ratio is thought to disrupt the resistance of glioma cells to anticancer therapy by modulating the apoptotic cascade (29) . To confirm that the inconsequence of the PNA miR125b-2 inhibitor on the increased TMZ sensitivity depended on alterations in the Bax:Bcl-2 ratio, the levels of Bax and Bcl-2 were measured by Western blot experiments in all treatment groups. In the current study, we observed that there was no significant difference (P>0.05) in Bax and Bcl-2 expression in the PNA miR-125b-2 inhibitor group compared to the control groups. Compared to control cells, a slight increase in Bax expression and a decrease in Bcl-2 expression were observed in cells exposed to TMZ (P<0.05) (Fig. 4A and B) . However, a significant increase in the Bax:Bcl-2 ratio could be observed after combine treatment with TMZ and the PNA miR-125b-2 inhibitor in GBMSC, compared to treatment of the cells with TMZ alone (P<0.01) (Fig. 4C) . Taken together, these results show that the sensitizing activity of GBMSC to TMZ is critically determined by the cellular Bax:Bcl-2 ratio, and the intrinsic pathway of apoptosis is involved in the altered miR-125b-2 levels.
Combination of the PNA miR-125b-2 inhibitor and TMZ therapy induces cytochrome c release, induction of Apaf-1, and activation of caspase-3 and PARP cleavage in GBMSC.
In biological systems, apoptosis may involve the disruption of mitochondrial function through the abnormal expression of Bcl-2 and/or Bax, which induces the release of cytochrome c from mitochondria into the cytosol. Cytosolic cytochrome c can interact with Apaf-1 and lead to the activation of caspases in the apoptosome and finally lead to the activation of caspase-3, subsequently leads to apoptosis (30) . For these reasons, we determined whether the induction of apoptosis in GBMSC by the TMZ+PNA miR-125b-2 inhibitor is associated with the disruption of mitochondrial function and the activation of caspases. By Western blot analysis, we found that treatment with the PNA miR-125b-2 inhibitor did not result in a significant increase in cytochrome c and Apaf-1, whereas treatment with 600 µM TMZ resulted in significant cytochrome c release from mitochondria and the induction of Apaf-1 (P<0.01). The cytochrome c release and induction of Apaf-1 were further increased when cells were incubated with the combination of the PNA miR-125b-2 inhibitor and TMZ (P<0.01) (Fig. 5A and B) .
The release of cytochrome c from mitochondria, which is regulated by Bcl-2 family members and is considered to take place on the outer membrane of mitochondria, results in activation of effector caspases, which induce apoptosis. Among the effector caspases, caspase-3 is most frequently involved in neuronal apoptosis. Activated caspase-3 is crucial for the induction of apoptosis (31) . Our previous study showed that TMZ could increase the caspase-3 activation in glioblastoma cells (15) . To determine whether caspase-3 and its downstream PARP are further activated after the afore-mentioned treatments, caspase-3 activity was measured by the caspase-3 activity kit, while the level of PARP protein was determined by Western blot analysis. In this study, caspase-3 activity was slightly elevated after treatment with the PNA miR-125b-2 inhibitor in GBMSC; however, statistical differences in caspase-3 activity were found between the PNA miR-125b-2 inhibitor group and the control group or the negative control group (P<0.05). Compared to control cells, the treatment of cells with TMZ alone also caused a significant increase in caspase-3 activation (P<0.01). However, such effects of caspase-3 activity were further amplified in cells co-treated with TMZ+PNA miR-125b-2 inhibitor (P<0.01) (Fig. 5C) . At the same time, the level of PARP cleavage protein was correspondingly upregulated in 85 kDa under identical conditions (Fig. 5D) . These results suggest that the downregulation of miR-125b-2 could significantly help TMZ activate the mitochondrial pathway of apoptosis in GBMSC.
Inhibition of caspases prevents TMZ-induced apoptosis after
PNA miR-125b-2 inhibitor pre-treatment in GBMSC. Because we found that the PNA miR-125b-2 inhibitor treatment further increased the activation of caspase-3 beyond what was induced by TMZ treatment alone and because this might be involved in TMZ-induced apoptosis in GBMSC, we became interested in examining whether caspase inhibition could prevent TMZ+PNA miR-125b-2 inhibitor-induced apoptosis. The specific inhibitor for caspase-3, Z-VAD-FMK, was used to inhibit caspase activation. As shown in Fig. 6 , the preincubation of cells with 100 µmol/l of Z-vAD-FMK for 30 min significantly inhibited TMZ+PNA miR-125b-2 inhibitor-induced apoptosis (>70%, P<0.01). This suggests that TMZ+PNA miR-125b-2 inhibitor-induced apoptosis requires activation of caspases, including caspase-3.
Discussion
Temozolomide (TMZ) is a DNA-methylating agent that has recently been introduced into phase 2 and 3 trials for the treatment of gliomas (32) . Previous studies have shown that TMZ can effectively inhibit glioma cell growth and induce apoptosis (33) . However, the effect of TMZ in glioma cells was not ideal. A number of studies have shown that TMZ is an inducer for autophagy rather than for apoptosis in most glioma cell lines (23) . Research by Fu et al showed that glioblastoma stem cells are resistant to temozolomide-induced autophagy (34) .
Fortunately, the necessity of microRNA (miRNA) pathways is one of the potential key mechanisms for proper control of germline GSC division. Previous studies showed that miR-125b was necessary for stem cell fission (6) . MiR-125b has also been found to affect the proliferation and apoptosis of human glioma cells. Down-regulation of miR-125b decreased human glioma cell proliferation and enhanced the sensitivity of human glioma cells to ATRA-induced apoptosis (25) . In this study, we found that miR-125b-2 is strongly over-expressed in CD133-positive glioblastoma cells (GBMSC), especially in the postoperative recurrence of glioblastoma multiforme tissues after TMZ treatment. Thus, we speculate that miR-125b-2 might become a target for the regulation of the chemotherapeutic effect in cancer therapy. So far, the effect and mechanism of miR-125b-2 with respect to TMZ chemotherapeutic effect regulation has not been studied in human GBMSC. Here, we provide data indicating the importance of miR-125b-2 dysregulation in human GSCs and report for the first time that down-regulation of miR-125b-2 is a potential treatment for TMZ resistance in GBMSC.
At present, cancer drug resistance is considered a multifactorial phenomenon involving several major mechanisms, such as a decreased uptake of water-soluble drugs, an increased repair of DNA damage, reduced apoptosis, altered metabolism of drugs, and an increased energy-dependent efflux of chemotherapeutic drugs that diminish the ability of cytotoxic agents to kill cancer cells (35) . miRNA expression that affected multiple genes simultaneously provided support for this hypothesis (36) . Recent findings in our lab have confirmed a critical role for miR-125b as a powerful cellular prolification indicator of human glioma U251 stem cells, resulting in the development of novel approaches to glioma stem cell management (20) . Despite the well-established role of miR-125b-2 in gliomas and the dedication of research on the elucidation of the molecular mechanisms involved in the development of gliomas cells that are resistant to chemotherapy, the role of miR-125b-2 in human GBMSC and drug resistance remains largely unexplored (7) . In view of the overexpression of miR-125b-2 in human GBMSC, we explored the function of miRNA inhibition. The inhibition of miRNAs using antisense oligonucleotides (ASOs) is a unique and effective technique for the characterization and subsequent therapeutic targeting of miRNA function. Recent advances in ASO chemistry have been used to increase both the resistance to nucleases and the target affinity and specificity of these ASOs. Peptide nucleic acids (PNAs) are synthetic nucleic acid analogues in which the sugar-phosphate backbone of the nucleic acid has been replaced by an uncharged N-(2-aminoethyl)-glycine scaffold. Compared to DNA-RNA duplexes, PNA-RNA duplexes exhibit an increased thermal stability. PNA-based ASOs could be used to inhibit miRNA regulation of gene expression and function in mammalian cells with more potency than other miRNA inhibitors (22) . In this study, we found that the PNA miR-125b-2 inhibitor successfully inhibited the expression of miR-125b-2 in human GBMSC. We also found a relationship between miR-125b-2 and TMZ-induced apoptosis in human GBMSC. Our data show that TMZ, in fact, could not induce GBMSC apoptosis; however, pretreating human GBMSC with the PNA miR-125b-2 inhibitor increased the chemotherapeutic action of TMZ and promoted GBMSC apoptosis. These results strongly suggest that the downregulation of miR-125b-2 treatment could interfere with the chemotherapeutic efficacy of TMZ on human GBMSC. Several in vitro studies have documented a role for miR-125b or TMZ in human glioma cells. However, the mechanisms of miR-125b-2-mediated, TMZ-induced cell death are not yet fully understood in human GBMSC. Apoptosis is regulated by several protein families, including the upstream Bcl-2 family and the downstream caspase family (31) . The Bcl-2 family consists of both proapoptotic and antiapoptotic members that elicit opposing effects on mitochondria. Bax can promote the release of cytochrome c from mitochondria into the cytosol, which in turn activates caspase-3, one of the key executioners of apoptosis and PARP (37) . The antiapoptotic proteins, such as Bcl-2, preserve the integrity of the mitochondria, which blocks the release of cytochrome c that would otherwise activate the effectors of apoptosis (38) . Bcl-2 serves as a powerful antidote to cell death and may counteract the effect of both caspasedependent and -independent modes of cell death (39) . In addition to being described as an inhibitor of the apoptotic pathway, Bcl-2 has been implicated as having strong antioxidant properties and thus may provide a common survival function in apoptotic and oxidative stress patterns of cellular injury (40) . Importantly, the ratio of pro-and antiapoptotic protein expression, such as Bax/ Bcl-2, is critical for the induction of apoptosis, and the ratio of Bax/Bcl-2 decides a cell's susceptibility to undergo apoptosis. A change in the ratio of Bax/Bcl-2 stimulates the release of cytochrome c from mitochondria into cytosol. Cytochrome c can interact with cytosolic protein Apaf-1 and lead to the activation of caspase-3 activity with degradation of PARP (30) . Previous studies have shown that treatment with TMZ changes the expression of pro-apoptotic Bax and anti-apoptotic Bcl-2 involved in the mitochondrial pathway of apoptosis (41) . Si et al and Li et al recently showed that knockdown of miR-21 inhibited tumor cell growth in vitro and in vivo by effecting an increase in apoptosis associated with the downregulation of Bcl-2 expression and upregulation of Bax expression (42) . Thus, we examined the levels of expression of Bax and Bcl-2 proteins in human GBMSC following treatment with TMZ and the PNA miR-125b-2 inhibitor. In this study, we found that the pretreatment of cells with the PNA miR-125b-2 inhibitor prior to TMZ treatment appeared to result in an increase in the Bax/Bcl-2 ratio, the release of cytochrome c, the expression of Apaf-1, activity of caspase-3, and the expression of cleaved PARP protein compared with treatment with TMZ alone; this indicates an efficient increase in the effect of the PNA miR-125b-2 inhibitor on TMZ-mediated regulation in Bax:Bcl-2 ratios.
Previous research has demonstrated that Bcl-2 acts to prevent the release of cytochrome c and the activation of caspase, while Bax has the opposite function, promoting the release of cytochrome c from mitochondria into the cytosol and activates caspase 3 (43) . The microinjection of cytochrome c induces apoptosis, as has been found in human kidney 293 cells and NRK cells (44) . To further confirm the role of caspase activation in TMZ+PNA miR-125b-2 inhibitor-induced apoptosis, we observed that treatment with the caspase inhibitor, Z-vAD-FMK, prevented TMZ+PNA miR-125b-2 inhibitor-induced apoptosis in GBMSC. In this study, we found that the combined treatment of GBMSC with TMZ and the PNA miR-125b-2 inhibitor significantly induced apoptosis, accompanied by an increased caspase-3 activation, whereas significantly less apoptosis was observed in the cells treated with the caspase inhibitor, Z-vAD-FMK; this indicates that caspase was responsible for the induction of apoptosis. These results provide evidence for the importance of the caspase pathway in apoptosis induced by TMZ in combination with the PNA miR-125b-2 inhibitor.
In conclusion, the results of the present study indicate that apoptosis induced by TMZ in combination with the PNA miR-125b-2 inhibitor in GBMSC cells is primarily mediated through a mitochondria-dependent pathway and involves proteins of the Bcl-2 family, cytochrome c, Apaf-1, and the activation of both caspase-3 and PARP. The PNA miR125b-2 inhibitor could, at least in part, be allowing TMZ to induce the activation of mitochondria-related apoptosis. These results also suggest that miR-125b-2 downreguation has the potential to disrupt the resistance of glioblastoma stem cells to TMZ.
